ville, South Carolina 29613). Vegetation response to large-scale disturbance in a Southern Appalachian forest: Hurricane Opal and salvage logging. J. Torrey Bot. Sot. 129: 48-59. 2002.-Disturbance such as catastrophic windthrow can play a major role in the structure and composition of southern Appalachian forests. We report effects of Hurricane Opal followed by salvage logging on vegetation dynamics (regeneration, composition, and diversity) the first three years after disturbance at the Coweeta Hydrologic Laboratory in western North Carolina. The objective of this study was to compare species composition and diversity of undcrstory and groundlayer species in a hurricane + salvage logged (H+S) forest to an adjacent undisturbed forest. Abundance of groundlayer species was much higher in the H+S forest than in the undisturbed forest, and abundance increased over time. Percent cover, density, and species richness were significantly higher in the H+S forest than in the undisturbed forest. In addition, percent cover increased by approximately 85% between 1997 and 1999 in the H+S plots.
in the southern Appalachians (Greenberg and McNab 1998) suggests that since 1971, 14 storms have occurred in the region at intervals of l-24 years. On October 5, 1995, the center of Hurricane Opal passed over southeastern Tennessee causing high winds and heavy rainfall in much of the southern Appalachians (U.S. Depart. Commerce, 1996) including the Coweeta Basin, southwestern North Carolina. The unusual six and strength of Opal, unlike other storms in this region, had a considerable effect on inland forest communities resulting in large-scale tree damage and subsequent salvage logging operations. As much as 15% of the Wayah Range] District of the Nantahaia National Forest was severely aff:cted by this storm (B. Culpepper, silviculturalist, pet-s. comm.) , and much of this t'orest was subsequently salvage logged.
We examined community regeneration after cataatrophic windthrow followed by salvage log4x ging of a high elevation, mixed-hardwood forest in the Coweeta Basin, western North Carolina. Little is known about how these southern Appalachian forests will respond to catastrophic windthrow and salvage logging. In addition, information on herb responses to gaps is scarce relative to that for trees (Collins et al. 1985; Moore and Vankat 1986; Collins and Pickett 1988a, 198Xb) . The objective of this study was to compare overstory, understory, and groundlayer richness, diversity (I-I'; Shannon index), evenness (J'), and composition in a hurricane+salvage logged (H+S) forest to that in an ad.jacent undisturbed forest. Whereas other studies in the Coweeta Basin have documented regeneration following disturbance (e.g., Boring et al. 1988 , Elliott and Swank 1994 , Clinton et al. 1994 , Elliott et al. 1997 , Elliott et al. 1999 , this is the first study to examine the effects of catastrophic windthrow and salvage logging on regeneration and vegetation dynamics.
Methods. HUf<III~ANIi OPAI-. Hurricane Opal began as 3 tropical storm that emerged from the west coast of Africa on September 1 1, 1995. It made landfall near Pensacola Beach, Florida, as t i marginal category 3 hurricane on the SaffirSimpson Hurricane Scale, causing extensive storm surge damage to the immediate coastal areas of the Florida Panhandle. Most of the severe structural damage occurred at the coastline, primarily as a result of the storm surge and waves (U.S. Depart. Commerce 1996) . However, strong winds caused damage up to several hundred kilometers inland.
On October 5, a peak gust of 130 km hr ' was recorded atop a 13 17 m mountain located just east-southeast 01' Asheville, North Carolina. Large-scale tree damage W;LS common in many locations of the southern Appalachians where sustained winds ztveraged 64 km hr ' with frequent gusts of 06 km hr ' (U.S. Dep:u-t. Commerce 1996) . At Coweeta Hydrologic Laboratory, highest wind speeds were recorded at the mid-elevation (-990 m) ciimate station (CS-28). Wind speed averqed 39 km hr ' for an 8-h] period (0300 hr to 1 100 hr EDT) (Coweeta Hydrologic Laboratory, unpub. data). Torrential rains associated with Opal began over land about I2 hrs before landfilll. The rainfall ranged from maximum amounts of 20 to 40 cm across parts of Alabama. Georgia, nnd muc11 of the Florida Panhandle to S-13 cm over the Ohio Vulley and New England. Rains in South C;trolina :tverngted 5 to 10 cm. while in North Carelina, 8 to 13 cm were common. Robinson Creek (Jackson County, North Carolina) measured 23 cm (U.S. Depart. Commerce 1996). At Coweeta, rainfall was 11 cm on October 4, and 9 cm on October 5, 1995. The saturated soils from the heavy rainfall followed by high windspeeds caused substantial blowdown in the Coweeta Basin and in much of the southern Appaiachians. Although rare, hurricane-caused blowdowns of this scale are not unprecedented in the Coweeta Basin. In 1835, a major hurricane struck Jones Creek to the north and blew down much of the timber in the Cowecta Basin (Douglass and Hoover 198X).
SIWDY AKA. The study area is an approximutely IO ha windthrow located in the Coweeta Basin (3YO4 latitude, 83"26' longitude) near Franklin, North Carolina. The Coweeta Basin is in the Nantahala Mountains-part of the Blue Ridge province in the Southern Appalachians. The study are3 has a southeast-facing aspect and ranges in elevation from 1220 to 1370 m. The mean annual tcmpcrature is 13 C and mean annual precipitation is 183 cm (Swift et al. 1988 ). Slopes range from 50 to 90 percent. Soils in the area iu-c an Edneyville-Chestnut complex, described as coarse-loamy, mixed, mesic Typic Dystrochrepts (Thomas 1996) . SAMKING D ESIGN. Twelve 20 X 40 m plots were established in January 1997 following the completion of the salvage logging in Fall, 1996. Diameter of all standing live trees YJ.O cm diameter at breast height (dbh, 1.37 m above ground) was measured to the nearest 0.1 cm. To recreate the stand composition and structure prior to disturbnnce, cut stumps and windthrow trees not salvaged were identified to species and basal diameter was measured to the nearest 0.1 cm.
In fHll 1999, a 5 X S-m subplot was established in the NE corner of each 20 X 40-m plot to mcilsurc regeneration of woody sprouts and seedlings (understory layer). Busal diameter of all woody species (6.0 cm dbh, > 1 .O m height) wzs measured to the nearest 0.1 cm. In June 1997 (one growing setlson after disturbance) and June 1999 (three growing seasons after disturbance), groundlayer species (all herbs + woody species < 1 .O m height) were measured in four I .O X 1 .0-m subplot located in the corners of each 20 X 40-m plot. Percent cover was visually estimated and density w;1s determined by counting all groundlayer species. To compare the hur- ricane blowdown + salvage logged forest (H+S) to an undisturbed forest, an additional six 20-X 40-m plots were established in the spring of 1997 in an adjacent forest, similar in aspect, elevation, and forest composition. Sampling of overstory, understory, and groundlayer was conducted in 1997 and 1999 in this undisturbed forest in a similar manner as the H+S forest. Species nomenclature for trees follows Brown and Kirkman (1990) and species nomenclature for shrubs and herbs Sollows Gleason and Cronquist (1991) .
Importance values (IV) were calculated as (relative density + relative basal area)/2 for overstory and understory woody species, and as (relative density + relative percent cover)/2 for groundlayer species. Relative density, relative basal area, and relative percent cover were calculated as proportion of total abundance of species i. Species diversity of the groundlayer was calculated on a per plot basis and a per site basis (Magurran 1988) for comparison with other studies. The Shannon index of diversity (II') (Shannon and Weaver 1949) , and Pielou's ( 1966) evenness index (J') were used to compare the diversity of the H+S forest, one (1997) and three (1999) growing seasons after salvage logging, to an adjacent mature (75+ year-old), undisturbed forest. The Shannon index was calculated on the basis of density (H'denr,ty)r basal area (Hlbasa, ) and importance value (H',,) for understory area 3 species and on the basis of density (Hrd,.& and percent cover (H',,,,,,) for groundlayer species. Because H' alone fails to show the degree that each factor contributes to diversity, we calculated a separate measure of species evenness (J'). H' was calculated as: -Cp,lnp,, where p,, = proportion of total abundance of species i, with abundance of woody species = stem density (stems ha-') or basal area (m* ha-'); and abundance of groundlayer species = density (plants In-?) or percent cover. Species evenness was calculated as: J' = H'/H'max; where H'max = maximum level of diversity possible within a given community = In(S), and S = species richness. We used t-tests (Magurran 1988 ) to compare the differences in H' calculated on a per site basis between the H+S forest and the undisturbed forest in the two years (1997 and 1999) . We used a two-factor analysis of variance (PROC GLM, SAS Institute Inc. 1996), Table 2 . Average density, average basal area, and importance value (IV = (relative density i-relative basal area)/2) of shrub layer species in the undisturbed fhrest and tile hurricane + salvage logged (H t S) l'oresr (postcut 1999 Note: Species are ranked by IV of the undisturbed forest. Total density, basal area, and diversity (H') between the undisturbed forest and the hurricane -I salvage logged forest followed by different letters are significant al tlte p 5: 0.05 level. Species nomenclature fhllows Glason anct Croncluist I991 where the two factors were disturbance and year, to compare differences in density and basal area of the understory species; density and percent cover of the groundlayer species; and diversity of the groundlayer calculated on a per plot basis between the Hi-S and undisturbed forests in 1997 and 1999.
Kesults. OVERST~RY. Before disturbance. the t-f+S l'orest had a sitnilar composition of domnant species, with the exception of' I't-Ltr1u.s .seroritzu, to the adjacent, undisturbed forest (Table  I) Qurt-cu.s r-u/w-u (Table 1 ). The salvage logging operation rernoved 344 sterns/ha and 3 1.1 In" ha of basal area, leaving an average residual density of 65.7 sterns/ha and a basal area of 6.46 In'/hn. This type of' harvest is similar to a two-aged shelterwood cut, a practice that is becoming more conunon on the National Forests 01' this region (Bill Culpepper, pers. comm.) .
Alter the salvage logging, density in the H-1-S forest was reduced by 84% and basal area was reduced by 83%. Species that were no longer represented in the overstory after hurricane and salvage cutting were Rohinerr ps"t~odonc,ac~ia, 
UNDERSTORY L AYER .
Only 3 years after disturbance ( 1999), basal area was almost 9 m? ha-' and density was almost 50,000 stems ha-' in the understory layer (Table 2 ). In addition, species richness was higher in the HSS forest (S = 29) than the undisturbed forest (S = 17). Converse-IY, J',,,,,,,,, and J'l,i,,,ti . i i C. l were lower in the H+S forest than the undisturbed forest. No differences were found for H',,, ,,,,,) or H',,;,,~,, ,i,e,l between the undisturbed forest and the HI-S forest. The maximum diversity (H',,,,,, = Ins) with 29 species present would be 3.37; whereas, t-I',,,;,, in the undisturbed forest with I7 species would be 2.83. Thus, for the undisturbed forest, woody species were more evenly distributed (i.e., higher J') than in the H+S forest and the additional 12 species accounted for only 2.3% of the IV. Some species that were not represented in the overstory layer after salvage cutting were regenerating in the undcrstory layer, such x K. p.sc~c-odotrc~r (Ytr. A. l~cr7.~vl, ~trnic~um, C. dcwtuta, and S. c7lhirhtm (Table 2) : G ROUNDLAYER . Percent cover and density were higher in the H+S forest than in the undisturbed forest and percent cover increased over time in the H+S forest (Fig. la, lb) . Percent cover increased by approximately 85% between 1997 and I999 in the H+S forest. H',,,,,, was significantly higher in the H+S forest than the undisturbed forest in both years (Fig. 2a) whether it was calculated as H' per plot or H' per site. However, there was no significant difference in Hrcie,,,,,, between the HI-S forest and the undisturbed forest in either year, but H'den,,,y increased in the H+S forest between 1997 and 1999 when calculated as H' per site (Fig. 2b) In the undisturbed forest, 59 species and SO genera represented 30 families (Table 4) . By 1999, the H+S forest contained 93 species, 72 genera and 42 families ( Table 4 ). The Asteraccae and Liliaceae had the highest number of species in both sampled areas, with more species of each family in the H+S plots (Table 5 ). More herbs, both early and late successional species, were found in the H+S forest than in the undisturbed forest (Table 5 ). In addition, some late successional species that were found in both forests were more abundant in the H+S forest; these included Arisaemu triphyllum, Cimic(fingu rucemosu, Cmlium lanc~eolatum, Oxalis strictu, and Viola spp. (Table 3 ). Fewer fern species were found in the H+S forest than the undisturbed forest, with the exception of I3otrychium virginiunum, ferns were also more abundant in the undisturbed forest. More woody species (trees, shrubs, and vines) were also found in the groundlayer of the H+S forest than in the undisturbed forest. For trees species, L. tu/ip(fera, P. serotina occurred more liequently and had higher IV in the H-t-S forest than the undisturbed forest; conversely, Cj. ruhru and Q. velutirza UCcurred less frequently and were less abundant than the undisturbed forest (Table 3) .
Discussion. Typical of southern Appalachian forests following disturbance, the H+S forest was regenerating quickly (Boring et al. 1988) . Tree species that were not present in the overstory layer after salvage logging were regenerating in the understory layer. For example, some ovcrstory tree species, such as Curya spp., Pr-unu.s .serotirza , and Fruxinus umc~ricancl were abundant in the understory layer three years after disturbance. The potential recovery of the overstory in the H+S forest by natural regeneration is substantial. Within 3 years following disturbance, regrowth of woody species in the understory layer was rapid; density was 5.6 times higher and basal area was 5.2 times higher in the H+S forest than the 7S+ year old, undisturbed forest. However, this initiation phase of stand development (Oliver and Larson 1996) , where many small woody stems contribute to total stand basal area, may last only a few more years. For example, in a low elevation, clcarcut forest in the Coweeta Basin, the stem exclusion stage of stand development (Oliver and Larson 1990) that coincides with canopy closure occurred between 8 and 17 years following disturbance (Elliott et al. 1997 ).
In the understory layer, species that contributed the most to total understory basal area were Castown dentatu > Rubus spp. (allegheniensis and odorata) > Crrlyccrnthus ,fk>ridu > Prurws serotina > Acer ruhrum. Rubus ml1eghenirn.si.s had the highest IV in the H+S forest, yet was a minor species in the undisturbed forest. Ruhu.s allegheniensis is an opportunistic species that increases in abundance after canopy opening (Collins and Pickett 1988a; Boring et al. 19X8; Roberts and Dong 1993; Cooper-Ellis et al. 1999) and will decrease with canopy closure (Elliott et al. 1997) . It is considered very shade intolerant and has a seed bank strategy for reproduction (Peterson and Pickctt 1995) . Thus, it is not surprising that R. dlegheniensis is more abundant in the H+S forest than the undisturbed forest.
Abundance of groundlayer species was higher in the H+S forest than in the undisturbed forest; fLlrther, abundance increased over time in the H+S forest. In the H+S forest, more species were represented by the various growth forms (trees, shrubs, vines, and herbs) than in the undisturbed forest. More species were represented by late (shade-tolerant) and early (shade-intolerant) successional categories in the HI-S forest than in the undisturbed forest. Not only were species richness and diversity higher in the H+S li)rcst than in the undisturbed forest, genera richness and family richness were also higher.
The H+S forest had a considerable amount of slash leli from the logging, and pit and mound Peterson and Campbell 1993; Foster et al. 1997) , shade from the slash-debris left on site from the salvage logging, and shade from the remaining overstory trees created a mosaic of environmental conditions. This environmental heterogeneity could be responsible for the mix of early (shade intolerant) and late (shade tolerant) successional herbaceous species, and a higher species richness and diversity than the undisturbed forest. In other forest types, partial cutting methods, such as shelterwood cutting or strip-cutting, resulted in higher plant diversity than clearcutting (Gove et al. 1992; Hannerz and Hr"lnel1 1997; Brgkenhielm and Liu 1998) . In a boreal pine forest, Brikenhielm and Liu (199X) found that H' declined the tirst five to eight years after harvest, with the time depending on treatment. H' then started to increase, with the increase earlier on plots with slash than on those without In a mixed deciduous forest, Gove et al. (1992) compared diversity trends after strip-cutting and clearcutting; strip-cutting had higher diversity both one and ten years after harvesting. In a central Appalachian hardwood forest, Gilliam (in press) found that clearcutting with herbicide treatment appeared to have minimal effects on species richness or diversity of the groundlayer -20 yr after cutting. In contrast, Hammond et al. (1998) found that clearcutting in mixed-oak forests of Virginia resulted in more species change than other harvest techniques such as group selection and shelterwood cutting.
Although overstory residual density and basal area were low after harvest, the H-t-S disturbance regime and the resulting species composition and diversity differ strikingly from diversity patterns following clearcutting in this region (Elliott and Swank 1994; Elliott et al. 1997; Elliott et al. 1998 ). For example, in a nearby clearcut forest (Elliott et al. 1997 ) many more ground flora species were present in all communities before clearcutting than in years 1 through 17 after clearcutting, and the abundance of late successional species was higher before than after clearcutting. ln contrast, H' was much higher in the IH+S forest than in the clearcut forest the first few years following disturbance. Many factors accounted for the dramatic difference in H' and richness of groundlayer flora between the nearby clearcut forest and the H+S forest of this study. The scale of disturbance was much larger in the clearcut forest compared to the H-t-S forest (57 ha vs. 10 ha of this study); intensity of disturbance was greater in the clearcut forest compared to the H+S forest (complete clearcut with all stems >2.5 cm cut vs. partial cut of this study); microsite variability was lower in the clearcut forest compared to the H+S forest (i.e., pit and mound topography plus partial shade from remaining overstory trees created a mosaic of microsite conditions in the H+S forest); difference in aspect resulted in higher solar radiation after cutting in the clearcut forest compared to the H+S area (the clearcut forest is a southfacing watershed vs. the east-facing aspect of the H+S forest). However, even among clearcut watersheds within the southern Appalachians, other factors were also responsible for the differences in diversity patterns (see Elliott et al. 199X) , such as community type, elevation, aspect, and patterns of cutting. In the southern Appalachians, high-intensity winds create forest openings ranging in size from single-tree gaps to several hectares or more, with sufficient temporal and spatial frequency to affect a sizeable portion of the landscape (Greenberg and McNab 1998). While high-intensity wind events are less frequent and more widely dispersed across the landscape than individual tree death, they impact a considerable area of the Appalachian landscape as exemplified by Hurricane Opal in 1995. After wind disturbance, managed forests are generally salvaged to minimize economic losses. This combination of blowdown and salvage logging creates a heterogeneous microenvironment contributing to high plant diversity with both early and late successional species regenerating after disturbance.
